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(57) ABSTRACT 



The invention relates to a method of generating a predeter- 
mined objective wave field in a medium using a first network 
of transducers Tl-Xn). Xhe inventive method consists in first 
using each transducer i of the first network to emit an 
approximation of the signal ei(t). Subsequently, each trans- 
ducer of a second network of transducers (X'l-X'm) is used 
to emit an error signal corresponding to the time reversal of 
the difference between the signals captured from said first 
emission and objective signals. Finally, approximation ei(t) 
is corrected by subtracting the time reversal of the signal 
captured by each transducer i using the error signal. 
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METHOD OF GENERATING A PREDETERMINED 
WAVE FIELD 

[0001] The present invention pertains to methods for gen- 
erating predetermined wave fields in a medium. 

[0002] The wave field in question can consist of a wave 
pulse focused at one or more points of the medium, or it may 
involve a more complex spatio-temporal field. 

[0003] More particularly, the invention relates to a method 
for generating a predetermined objective wave field in a 
medium (homogeneous or heterogeneous) by means of a 
first network comprising at least one transducer, this method 
comprising a learning step in the course of which signals 
ei(t) to be emitted by each transducer i of the first network 
so as to generate said predetermined wave field in the 
medium are determined by transmitting waves in the 
medium between the first network and a second network 
comprising at least one transducer (the second network may 
possibly comprise transducers in common with the first 
network). 

[0004] Document WO-A-02/32316 describes an example 
of such a method, in which the abovementioned learning 
step makes it possible to determine signals to be applied to 

the transducers of the first network so as to focus a wave 
pulse respectively on each transducer of the second network, 
thereby subsequently making it possible to determine how to 
focus wave pulses at other points of the medium so as to 
image this medium by ultrasound waves. This known 
method is entirely satisfactory from the standpoint of its 
results; however, it does require considerable means of 
calculation and moreover involves fairly lengthy calculation 
times in the course of the learning step. 

[0005] The present invention is aimed in particular at 

alleviating these drawbacks. 

[0006] For this purpose, according to the invention, a 

method of the kind in question is characterized in that the 
learning step comprises the following correction sequence: 

[0007] (a) making each transducer i of the first net- 
work simultaneously emit a signal ei(t) determined 
in advance (these signals ei(t) may initially be pre- 
determined or previously determined by experiment 
as described hereafter, or these signals may result 
from step (g) hereinbelow an earlier iteration of the 
correction sequence) and making it possible to gen- 
erate a real wave field much like the objective wave 
field in the medium, this objective wave field corre- 
sponding to an objective signal oj (t) for each trans- 
ducer j of the second network, 

[0008] (b) making each transducer j of the second 
network capture a signal rj (t) resulting from the 
wave field generated by the signals ei(t), 

[0009] (c) determining a time reversed difference 
signal dj(-t) for each transducer j of the second 
network, dj(-t) being the time reversal of the differ- 
ence dj(t)=rj(t)-oj(t), 

[0010] (d) making each transducer j of the second 
network simultaneously emit the time reversed dif- 
ference signal dj(-t), 

[0011] (e) making each transducer i of the first net- 
work capture a signal c'i(t) based on the waves 
generated by the time reversed difference signals 
dj(-t), 



[0012] (f) determining a correction signal ci(t)= 
p.c'i(-t) for each transducer i of the first network, 
c'i(-t) being the time reversal of the captured signal 
c'i(t) and p being a positive nonzero real number 

chosen in such a way that P<(||'e'||i|'?"||)/(||l^|H|'c'l|) 

where ?=[ei(t)], ?=[dj(t)], l^=[rj(t)], "?'=[c'i(t)] 

and nil designates a vector norm, 

[0013] (g) correcting the signal ei(t) by subtracting 
ci(t) therefrom. 

[0014] By virtue of these arrangements, it is possible to 
generate the objective wave field very accurately, after one 

or more iterations of the correction sequence, even in a very 
dissipative and/or heterogeneous propagation medium. 

[0015] In preferred embodiments of the invention, 
recourse may possibly be had moreover to one and/or other 
of the following arrangements: 

[0016] the correction sequence is repeated several 

times; 

[0017] the correction sequence is preceded by an 
initial step in the course of which a first value of the 
signal ei(t) is determined experimentally for each 
transducer i of the first network; 

[0018] in the course of the initial step, the time 
reversal oj(-t) of the objective signal is determined 
for each transducer of the second network, each 
transducer j of the second network is made to emit 
said time reversal oj(-t) of the objective signal, each 
transducer i of the first network is made to capture a 
signal e'i(t) resulting from the wave field generated 
by the signals dj(-t), and the signal ei(t)=e'i(-t) is 
determined for each transducer of the first network, 
e'i(-t) being the time reversal of the signal e'i(t); 

[0019] the vector norm is defined as follows: || 

^ ll=ll[x„x(t)]ll=Max(|x^(t)|), where \xji)\ designates 
the amplitude of the signal xj[t); 

[0020] the wave field is an acoustic wave field; 

[0021] the wave field is an electromagnetic wave 
field; 

[0022] the waves are generated by a telecommunica- 
tion system. 

[0023] Other characteristics and advantages of the inven- 
tion will become apparent in the course of the following 
description of one of its embodiments, given by way of 
nonlimiting example, with regard to the appended drawing. 

[0024] In the drawing 

[0025] FIG. 1 is a basic diagram representing an exem- 
plary device allowing implementation of the invention. 

[0026] The wave generation device 1 represented in the 

drawing may in particular be: 

[0027] a device for generating acoustic waves, in 
which case it may pertain for example to an ultra- 
sound imaging device, to a sound system device, to 
an active anti-noise device, to an ultrasound therapy 

device (for example, lithotrity), or to a communica- 
tion device, in particular an underwater device based 
on acoustic waves. 
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[0028] or, as the case may be, a device for generating 
electromagnetic waves, in which case it may pertain 

to a telecommunications device. 

[0029] The device 1 is intended to generate waves in a 
medium 2, which depending on the case, may be: 

[0030] a part of a human or animal body to be imaged 
or to be treated (ultrasound medical imaging or 
ultrasound therapy), 

[0031] a part of an object to be imaged (ultrasound 

industrial imaging), 

[0032] the underwater or underground medium (tele- 
communications based on acoustic pathway), 

[0033] a public or private place (sound system or 

active anti-noise system), 

[0034] a part of the earth's surface together with the 
corresponding bottom layers of the atmosphere 
(radio telecommunications between fixed bases and 
mobiles), 

[0035] the earth's surface and the atmosphere includ- 
ing its top layers (radio-based long-distance terres- 
trial telecommunications or radio telecommunica- 
tions between the earth and one or more satellites), 
etc. 

[0036] In the various applications mentioned above, it is 
necessary to be able to generate one or more predetermined 
objective wave fields in the medium 2 with the greatest 
possible precision, for example so as to be able to focus the 
waves emitted by a first network of transducers Ti, T2 . . . 
Tn at one or more points of the medium 2 or as the case may 
be to generate more complex wave fields. 

[0037] The benefit of being able to perform high-precision 
focusing may for example be to produce an image of a part 
of the medium 2 with high precision, or to selectively 

destroy a part of the medium 2 (ultrasound therapy), and also 
to send one or more messages to specific sites of the medium 
and not within the remainder of the medium 2 (either in a 
desire for discretion, or in a desire to avoid interference 
between the various messages and thus to allow an increase 
in the telecommunications throughput). 

[0038] The first network comprises a number n at least 
equal to 1 (advantageously at least equal to 2) of transducers 
Ti-Tn capable of emitting and of receiving waves, for 
example ultrasound waves. 

[0039] The signals ei(t) which must be emitted by the 
transducers Ti to obtain the predetermined objective wave 
field or fields, are obtained in the course of a learning step, 
in the course of which a second network of transducers 
ri-T'm is used. 

[0040] This second network comprises a number n at least 
equal to 1 (advantageously at least equal to 2) of transducers 
T'1-T'm of the same type as the transducers Tl-Tn. 

[0041] This second network may be distinct from the first 
network Tl-Tn, and be put in place in the medium 2 only in 
the course of the learning step, and then removed. 

[0042] It would however be possible to imagine imple- 
menting the method of the present invention with a set of 
transducers remaining in place permanently in the medium. 



certain of these transducers serving to constitute the first 
network of transducers and others of these transducers 
serving to constitute the second network of transducers 
during the learning phase. At least certain transducers could 
moreover be common to the first and second networks or 
else belong either to the first network, or to the second 
network depending on the objective wave field that one 
seeks to obtain (and in particular depending on the point of 
the medium 2 onto which one seeks to focus the waves 
emitted). 

[0043] The various transducers Ti-Tn, T'1-T'm are con- 
trolled by an electronic control device 3 which will not be 
described in detail here. This control device may for 
example be identical or similar to the control device 

described in the document WO-A-02/32316 mentioned 
above when the device 1 is an imaging device or ultrasound 
acoustic therapy device. 

[0044] The signals ei(t) determined in the course of the 
learning step for each transducer Ti of the first network make 
it possible for example to generate in the medium 2 a wave 
field focused uniquely at a point at which one of the 
transducers of the second network is situated, for example 
the transducer T'l. 

[0045] This learning step may of course be repeated for 
each of the transducers T'1-T'm of the second network, in 
such a way as to determine on each occasion signals ei(t) 
making it possible to focus the wave field on any one of the 
points at which one of the transducers T'j of the second 
network is situated. 

[0046] In all typical cases, in the course of one and the 
same learning step, the signals ei(t) which have to be emitted 
by the transducers Ti of the first network so as to obtain 

objective signals oj(t) corresponding to the objective wave 
field at the level of each transducer Tj of the second network 
are determined. 

[0047] The control device 3 may possibly have in memory, 
in advance, initial values of the signals ei(t) making it 
possible to obtain the desired wave field approximately. 

[0048] However, in a preferred embodiment of the inven- 
tion, these initial values of the signals ei(t) are determined in 
the course of an initial step in which: 

[0049] the transducers Tj of the second network are 
made to simultaneously emit signals oj(-t), resulting 
from the time reversal of the objective signals oj(t) 
(in the case where the objective signals oj(t) consist 
either of simple pulses of t=0, or of flat signals, this 
step amounts simply to making the transducers T'j 
emit the objective signals oj(t), 

[0050] the transducers Ti of the first network are 
made to capture signals e'i(t) resulting from the wave 
field generated by the signals oj(-t), 

[0051] and the initial value ei(t) is determined by 
time reversal of the signals e'i(t) mentioned above: 
ei(t)=e'i(-t). 

[0052] Once the initial value of the signal ei(t) has been 
determined for each transducer TI of the first network, one 
or more iterations of the following correction sequence are 
carried out: 
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[0053] (a) the various transducers Ti of the first 
network are made to simultaneously emit the signals 

ei(t), 

[0054] (b) the various transducers T'j of the second 
network are made to capture signals rj(t) resulting 
from the wave field generated by the signals ei(t), 

[0055] (c) a time reversed difference signal dj(-t) is 
determined for each transducer j of the second net- 
work, dj(-t) being the time reversal of the difference 
dj (t)=rj (t)-oj (t), 

[0056] (d) each transducer j of the second network is 
made to simultaneously emit the time reversed dif- 
ference signal dj(-t), 

[0057] (e) each transducer i of the first network is 
made to capture a signal c'i(t) based on the waves 
generated by the time reversed difference signals 
dj(-t), 

[0058] (f) a correction signal ci(t)=p.c'i(-t) is deter- 
mined for each transducer i of the first network, 
c'i(-t) being the time reversal of the captured signal 
c'i(t) and p being a positive nonzero real nimiber 

chosen in such a way that P<(||~?||i|'?||)/(||7|H|"?'||) 

where ?=[ei(t)], "J^djW], 7=[rj(t)], ^'=[c'i(t)] 
and nil designates a vector norm (for example such as 

ll?ll=ll[x„J||=Max(|x^|), where |x^(t)| designates the 
amplitude of the signal xjii)). The value of p defined 
hereinabove (generally greater than 1) allows the 
correction process to converge very rapidly toward 
signals ei(t) complying with the objective sought, but 
the coefficient p could also be taken equal to 1 
without thereby departing from the scope of the 
invention, 

[0059] (g) correcting the signal ei(t) by subtracting 
ci(t) therefrom. 

[0060] At the following iteration of the correction 
sequence, the value of the signal ei(t) used in step (a) is 
thereafter that previously determined in step (g) of the 

correction sequence described hereinabove. 

[0061] Experience shows that the correction process con- 
verges very rapidly, in a few milliseconds, even in a very 

dissipative and/or heterogeneous medium. 

[0062] This rapid convergence, which moreover does not 
require heavyweight means of calculation, allows the sys- 
tem, as the case may be, to adapt in real time to modifica- 
tions of the medium when the medium is changing, this 
being the case in particular in acoustic-based or radio-based 
telecommunications applications. In this case, the second 
network of transducers will not be removed after the starting 
learning step or steps, but will on the contrary be left in place 
so as to be able to repeat the learning step or steps, at regular 
or irregular time intervals. 

[0063] It will be noted that throughout the learning process 
explained hereinabove, the signals emitted are given to 
within (nonzero) constant multiplicative coefficients. 

[0064] Once the learning step or steps have terminated, the 
wave generation device 1 is capable of generating one or 
more predetermined wave fields in the medium 2 with very 
high precision. 



[0065] For example, should several learning steps have 
been carried out, making it possible to precisely generate a 
pulse located uniquely at a point occupied by a transducer T'j 
of the second network, it is thereafter possible: 

[0066] in imaging applications, to generate pulses 
located at any point of the medium 2 (by generating 
signals Ei(t) obtained either by simple methods of 
interpolation between the emission signals ei(t)j 
making it possible to focus the waves respectively on 
several transducers j of the second network, or by 
more complex methods such as those described for 
example in the document WO-A-02/32316 men- 
tioned above), 

[0067] in ultrasound therapy applications, to generate 
a wave pulse of large amplitude at a particular point 
of the medium intended to be destroyed, this par- 
ticular point possibly corresponding either to the 
location of one of the transducers T'j of the second 
network, or to a different point of the medium 2, in 
which case the signals making it possible to generate 
this pulse are determined as explained in the previ- 
ous paragraph, 

[0068] in telecommunications applications, to gener- 
ate an information-carrying signal at a point of the 
medium 2 (as in the previous two paragraphs, this 
point of the medium 2 may be one of the points 
occupied by the transducers of the second network or 
another point of the medium, in which case the 
signals to be emitted Ei(t) are determined by inter- 
polation or by more complex methods such as those 
described in the document WO-A-02/32316 on the 
basis of the various signals ei(t)j- making it possible 
to focus, the waves on the points occupied by the 
transducers Tj of the second network), this informa- 
tion-carrying signal being obtained by making the 
transducers Ti emit signals Si(t)=Ei(t)xS(t) equal to 
the convolution product of the signals Ei(t), with the 
information-carrying signal S(t) which must be 
transmitted to the desired point. 

1. A method for generating a predetermined objective 
wave field in a medium by means of a first network 
comprising at least one transducer, this method comprising 
a learning step in the course of which signals ei(t) to be 
emitted by each transducer i of the first network so as to 
generate said predetermined wave field in the medium are 
determined by transmitting waves in the medium between 
the first network and a second network comprising at least 
one transducer, characterized in that the learning step com- 
prises the following correction sequence: 

(a) making each transducer i of the first network simul- 
taneously emit a signal ei(t) determined in advance and 
making it possible to generate a real wave field much 
like the objective wave field in the medium, this 
objective wave field corresponding to an objective 
signal oj(t) for each transducer j of the second network, 

(b) making each transducer j of the second network 
capture a signal rj(t) resulting from the wave field 
generated by the signals ei(t), 

(c) determining a time reversed difference signal dj(-t) for 
each transducer j of the second network, dj(-t) being 
the time reversal of the difference dj(t)=rj (t)-oj (t). 
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(d) making each transducer j of the second network 
simultaneously emit the time reversed difference signal 

dj(-t), 

(e) making each transducer i of the first network capture 
a signal c'i(t) based on the waves generated by the time 
reversed difference signals dj(-t), 

(f) determining a correction signal ci(t)=p.c'i(-t) for each 
transducer i of the first network, c'i(-t) being the time 
reversal of the captured signal c'i(t) and |3 being a 
positive nonzero real nmnber chosen in such a way that 

MI"^llil'?JD/(ll"^llil"S'lD where "?-[ei(t)], '^-imi 

r =[rj(t)], c -[c'i(t)] and |||| designates a vector norm, 

(g) correcting the signal ei(t) by subtracting ci(t) there- 
from. 

2. The method as claimed in claim 1, in which the 
correction sequence is repeated several times. 

3. The method as claimed in any one of the preceding 
claims, in which the correction sequence is preceded by an 
initial step in the course of which a first value of the signal 
ei(t) is determined experimentally for each transducer i of 
the first network. 

4. The method as claimed in claim 3, in which, in the 
course of the initial step: 



the time reversal oj(-t) of the objective signal is deter- 
mined for each transducer of the second network, 

each transducer j of the second network is made to emit 
said time reversal oj(-t) of the objective signal, 

each transducer i of the first network is made to capture 
a signal e'i(t) resulting from the wave field generated by 
the signals oj(-t), 

and the signal ei(t)=e'i(-t) is determined for each trans- 
ducer of the first network, e'i(-t) being the time reversal 
of the signal e'i(t). 

5. The method as claimed in any one of the preceding 

claims, in which the vector norm is defined as follows: || 

X ||=||[Xjj^]||=Max(|Xjj^|), where |Xjn(t)| designates the ampli- 
tude of the signal x^(t). 

6. The method as claimed in any one of the preceding 
claims, in which the wave field is an acoustic wave field. 

7. The method as claimed in any one of claims 1 to 5, in 
which the wave field is an electromagnetic wave field. 

8. The method as claimed in any one of the preceding 
claims, in which the waves are generated by a telecommu- 
nication system. 



